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Bacillus thuringiensis var israelensisli-endotoxin protein active against mosquitoes wa inactivated by prior 
incubation with lipids extracted from Aedes a~bopicfus cells. Experiments with lipid dispersions and 
mu~tilamellar liposomes showed that the toxin binds to phosphatidyl choline, sphingomyelin and 
phosphatidyl ethanolamine provided these lipids contain unsaturated fatty acids. Phosphatidyl serine 
binds toxin less efficiently and phosphatidyl inositol, cardiolipin, cerebroside and cholesterol show no 
affinity for the toxin. The results suggest an insecticidal mechanism in which interaction of toxin with 
specific plasma membrane lipids causes a detergent-like rearrangement of the lipids, leading to disruption 
of membrane integrity and eventual cytolysis. 
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1. INTRODUCTION 
Certain ~~~~11~s thuri~gie~s~s strains synthesize 
intracellular protein inclusions (&endotoxins), 
which are potent insecticides [l] licensed for com- 
mercial use on a variety of Lepidopteran pests. The 
toxin from a new serotype H-14, designated 
Bacillus thuringiensis var israelensis is lethal for 
Dipteran larvae [2] including mosquitoes of the 
genera Aedes and Culex, which are vectors of 
malaria and filariasis, respectively. An extensive 
WHO programme is currently assessing the poten- 
tial of this serotype for the control of insect vectors 
of these and other tropical diseases [3]. 
Despite their importance, the mechanism of ac- 
tion of these toxins is not known. Previous reports 
have suggested that the primary target of the 6- 
endotoxin from B. thuringiensis serotypes active 
against Lepidoptera is the plasma membrane of 
gut epithelia and of susceptible cells in vitro 
[4-121. In [13] it was demonstrated that, in vivo, 
the gut epithelium also appears to be a primary 
target for the var israelensis d-endotoxin, Recently 
authors in 1141 observed that a soluble preparation 
Liposome binding 
of israelensis toxin caused rapid cytolysis of insect 
and mammalian cells in vitro, but had no effect on 
bacterial protoplasts. This toxin also showed 
haemolytic activity against a range of erythrocytes. 
The possibility that the toxin causes lysis directly 
by interaction with a plasma membrane compo- 
nent was therefore investigated. In this report we 
identify certain membrane phospholipids as the 
primary target for the toxin and discuss the 
mechanism of cytolysis. 
Initial experiments howed that the toxin is inac- 
tivated by prior incubation with mosquito cell 
lipids, Using purified lipids we find that the toxin 
binds readily to multilamellar liposomes contain- 
ing phosphatidyl choline, SphingomyeIin, or 
phosphatidyl ethanolamine provided these lipids 
contain unsaturated acyl residues. Phosphatidyl 
serine binds toxin relatively poorly, but 
phosphatidyl inositol, cardiolipin, cerebroside and 
cholesterol show no affinity for the toxin, The 
results suggest that in susceptible insects the in- 
teraction of toxin with specific plasma membrane 
lipids causes a detergent-like rearrangement of the 
lipids leading to disruption of membrane integrity 
362 
published by Elsevier Science Publishers 
~145793/83/~~/$3.~ 0 Federation of European Biochemical Societies 
Volume 154, number 2 FEBS LETTERS April 1983 
and eventually cytolysis. in this respect the 
i%ze/en& ii-endotoxin may resemble other 
cytolytic toxins such as Streptu~ysjn S 1151 in its 
mode of action. 
2.3. Analytical 
2. MATERIALS AND METHODS 
The sources of strains used [14], growth and 
sporulation of the microorganisms [16], purifica- 
tion of the crystal S-endotoxin and the production 
of the alkali soluble preparations [14] have been 
described previously. 
Suckling mice (average body weight 5 g) were 
obtained from the Pathology Department, Cam- 
bridge University. Bioassays were carried out as in 
[ 171. Growth of Aedes a~~op~cfus cells in 25 cm2 
flasks (Nunc) and in vitro toxicity tests were as 
described in [ 141. 
Neutr~isation of the alkali-soluble crystal S- 
endotoxin was detected by measuring the potency 
of the toxin after incubation with liposomes for 
2 h at 0, 4, 20, 37 or 44°C (toxin-lipid ratio of 
1: 10 (w/w), except where stated). The super- 
natants remaining after centrifugation of 
toxin-liposome mixtures at 50000 x g for 10 min 
were also tested for toxicity. Toxicity of the soluble 
6-endotoxin was measured in vivo by bioassay of 
A. aegypti 3rd instar larvae [17] and by sub- 
cutaneous inoculation of suckling mice, and in 
vitro by observation of cytopathic effects on A. 
aibopjctus cells [ 141. Control experiments were run 
in parallel with alkali soluble S-endotoxin, or 
liposome preparations alone. 
3. RESULTS AND DISCUSSION 
Phosphatidyl choline (egg), cardiolipin (beef 
heart) and phosphatidyl serine were obtained from 
General Biochemicals (Chagrin Falls, OH); 
cholesterol, dicetylphosphate, sphingomyelin 
(bovine brain type l), ethanolamine, a-L-dioleoyl 
phosphatidyl choline, cu-L-dipalmitoyl phospha- 
tidy1 choline, cu-L-soybean phosphatidyl ethanol- 
amine, ~-L-dipalmitoyl phosphatidyl ethanol- 
amine, a-L-dimyristoyl phosphatidyl choline, 
cerebroside (brain) and stearylamine from Sigma, 
and phosphatidyl inositol from Koch-Light 
Laboratories. 
In preliminary screening experiments to identify 
putative toxin receptors on mosquito cells it was 
found that the toxin was effectively neutralised by 
preincubation with a IO-fold excess of a sonicated 
dispersion of phospholipids purified from cultured 
Aedes aibopictus cells. 
These results raised the possibility that plasma 
membrane phospholipids may be a target for the 
cytopathic action of the S-endotoxin. Other 
cytolytic toxins have been reported to interact with 
phospholipids either in a detergent-like manner, or 
by activating endogenous membrane phospho- 
lipases [ 15,20-271. 
2.1. Preparation of liposomes 
Liposomes were prepared from 
chromatographically pure lipids by the following 
modified fig] procedure: lipid, cholesterol and 
dicetylphosphate, or stearylamine, were mixed in 
molar ratios of 2: 1.5 : OS, respectively; the total 
lipid was 35 pmol. The mixture was dried as a thin 
film in vacua in a 100 ml round-bottomed flask 
and then resuspended with gentle hand shaking in 
3 ml of phosphate buffered saline (PBS). Further 
dispersion of the lipids was accomplished by brief 
treatment (2-5 min) in a sonic bath. 
2.2. Ex@action of cell lipids 
As table 1 shows, preincubation with the mos- 
quito phospholipids neutralised both in vitro and 
in vivo toxicity in comparison to untreated con- 
trols. In control experiments with &endotoxin 
preincubated with PBS alone, 5 pg of 6- 
endotoxin . ml-’ of tissue culture medium caused 
total lysis of A. albopjctus cells in the in vitro assay 
[14]. This 6-endotoxin, preincubated with PBS also 
caused 1OOolo mortality when inoculated sub- 
cutaneously into suckling mice at a concentration 
of 25 pg. g-’ body weight [14]. Lipid dispersions 
prepared from the Gram-positive bacterium 
Bacillus megaterium KM failed to neutralise the 
toxin even at toxin-lipid ratios of 1: 50 (w/w). 
Lipids were extracted from A. albopictus cells In contrast to mosquito cells, Bacihs 
grown in 25-cm* flasks and B. megaterium KM megaterium KM membranes contain no 
vegetative cells by a modified Folch 1191 phosphatidyl choline, sphingomyelin, cholesterol 
procedure. or significant amounts of unsaturated fatty acids 
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[27]. This suggested that the specificity of The results (table I; fig.11 show that preincuba- 
toxin-lipid interaction may be determined by one tion with sonicated dispersions prepared solely 
or more membrane components. A series of ex- from phosphatidyl choline is sufficient to 
periments was therefore carried out in which nentraiise the toxin in vitro and in vivo. In an at- 
sonicaced dispersions of purified lipids with vary- tempt to reproduce more closely the lipid structure 
ing composition were tested for their ability to found in the plasma membrane of susceptible cells, 
neutralise the &endotoxin. multilamellar liposomes were prepared by addition 
Table 1 
Effect of various lipid preparations on toxin action in vivo and in vitro 
Liposome compositiona Toxin : lipid Cytopathicb 
ratio (w/w) effect 
In vivo toxicity’ 
number dead/ 
number used 
A. ~~~o~~c~u~ cell lipid 
B. rn~gu~~ri~rn KM ceI1 Iipid 
Phosphat~dy~ choline 
Phosphatidyl choline : cholesterol : stearylamine 
Phosphatidyl choline : cholesterol : dicetylphasphate 
Sphingomyelin :cholesterol :stearylamine 
Sphingomyelin :cholesterol: dicetylphosphate 
Soybean phosphatidyl ethanolamine : cholesterol :
dicetyl phosphate 
Phosphatidyi serine :cholesterol : dicetyl phosphate 
PhosphatidyI serine: cholesterol : dicetyl phosphate 
Caxdiolipin : cholesterol : dicetyl phosphate 
Phosphatidy~ inositof : cholesterol: dicetyl phosphate 
Cerebroside : cholesterol :dicetyl phosphate 
1: io 
1:50 
1: 10 
1: 10 
I : 10 
I: 10 
0:lO 
0:lO None 
1: 10 Lysis 
1:25 None 
1:25 Lysis 
I:25 Lysis 
1:50 Lysis 
None 
Lysis 
None 
None 
None 
None 
o/9 
- 
o/2 
O/11 
O/11 
O/11 
O/8 
Oil0 
20120 
4/4 
a Molar ratios were 2: 1.5 : 0.5. Preparation, dispersion and sonication of all lipid and liposome preparations was carried 
out at 30°C except in the case of cerebtoside containing Iiposomes which were prepared at 60°C and subsequently 
assayed at 20°C 
b Cytopathology observed after exposure of A. aibopictus cells to a solution of 5 ,ug &endotoxin/ml after it has been 
incubated with the appropriate lipid 
’ Subcutaneous inoculation of suckling mice; an equivalent of 25 fig &-endotoxin/g mouse was used 
Fig, 1. Phase-contrast light micrographs of A. ~I~~p~cf~s cells treated with: (A) egg phosphat~d~~ choline dispersions 
for 30 min as controi; (Bf 5 pg alkali-soluble isrffehsis toxic protein/ml for 20 min; fC) 5 pg alkali-soIuble ifraeiensis 
toxic protein/ml preincubated with egg phosphatidy~ choline dispersions 1: 10 (w/w) for 2 h at 37°C (bars, 25 am). 
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of chofesterol to ~hos~hatid~~ chofine and in&- 
sion of either stearylamine or ~~~tyI~hos~hate~ to 
confer, respectively, a net positive or negative 
charge on the lipid bilayer [ZSJ. Table 1 shows that 
liposomes containing phosphatidyl choline and 
cholesterol neutralised the toxin at least as effec- 
tively as sonicated phosphatidyl choline disper- 
sions. Thus the presence of the sterol does not ap- 
pear to be essential for toxin neutralisation and 
this was confirmed by experiments in which 
aqueous chofesterof dispersions f29] were fmmd 
not to inhibit &x&z action frrot shuwn). 
The mzt charge on the fipasomes did not appear 
to be a determining factor in toxin-lipid interac- 
tion since no difference was observed (table 1) be- 
tween phosphatidyl choline liposomes containing 
either stearylamine, or dicetylphosphate. 
Preliminary experiments to investigate the in- 
fluence of the phospholipid headgroup are also 
shown in table 1. Sphingomyelin and phosphatidyl 
~tb~ol~mine were as effective as ~hosphatidy~ 
choline and at higher t~xi~~l~~id ratios, 
~bospbatidy~ serine showed some ~eutr~~sing 
abiiity, AH other ~hospho~~~~d~ tested proved inef- 
fective in vitro and in viva even at high t~x~~~~~~~d 
ratios. Liposomes prepared from cerebroside were 
also unable to neutraiise the toxin. 
A mechanism for toxin neutralisation based on 
binding to susceptible liposomes appeared the 
most likely explanation of the above results. This 
was confirmed by the finding that supernatants ob- 
tained after centrifugation of egg phosphatidyl 
choline-toxin incubations were devoid of toxin ac- 
tivity (not shown), This result was obtained when 
the ~n~ubat~o~s were performed at 0, 20, 37 or 
44%!. 
To examine the influence of the fatty acid 
moieties af the phos~ho~i~~ds on toxin-lipid in- 
teraction, iiposomes were prepared from egg 
lecithin and from various synthetic phcrsphatidyl 
cholines and phosphatidyl ethanolarnines (table 2). 
The importance of the physical state of the lipid 
bilayer was also investigated by carrying out the 
liposome preparation, and toxin preincubation at 
defined temperatures chosen with reference to the 
chain melting temperatures of the ~bosp~oii~ids. 
Table 2 shows that fiposomes prepared from egg 
~hosphatidy~ chohne with, or without cholesterol 
Table 2 
Toxin neutralisation: influence of liposome composition and temperature 
Liposome compositiona Toxin : lipid 
ratio (w/w) 
Incubation 
temp. (“C) 
Cytopathi? 
effect 
Phasphatidyi choline (egg) :cholesterol: dieetyl phosphate 
(WC) 
~~os~~at~dyI chotine (egg) : dicetylt ~~~~~~ate (2WC) 
Dioleoyl ~hos~hat~dyl choline : ~~o~e~~e~~~ : dicetyi 
phosphate (zo”C) 
1:10 
f:IQ 
I:fQ 
0, 20, 37 or 44 
r&20, 37 or 44 
20, 37 or 44 
None 
None 
None 
Dioleayf phffs~hat~dyI choline : s~e~~i~rn~ne (Z&C) I:10 
20 
37 or 44 
None 
LY& 
Dipalmitoyl phosphatidyl choline : cholesterol : 
dicetyl phosphate (45°C) I:20 20, 37 or 44 Lysis 
Dipalmitoyl phosphatidyl choline : stearylamine (45°C) I:20 20, 37 or 44 Lysis 
Dimyristoyl phosphatidyl choline : cholesterol :
dicetyl phosphate (35°C) x:50 4, 20 or 37 tysis 
Soybean phosphatidyl ethanolamine : cholesterof : 
dicetyl phosphate (20°C) I:IO 20 or 37 None 
~i~~Imitoy1 phosphatidyl ethanolamine : chofesterof : 
dicetyl phosphate (45°C) I:% 20 or 37 Lysis 
a Molar ratios were 2: 1.5 :OS. Preparation, dispersion and sonication of each ii~oso~e ~re~~atio~ was carried out 
at the temperatures in parentheses 
b ~~topathoIogy observed after exposure of A. afbogittus ceIIs to a solution of 5 gg C;-endotoxiniml after it has been 
incubated with the appropriate phosphoiipid 
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were equally able to bind toxin at all 4 test 
temperatures. Since the chain melting transition of 
egg phosphatidyl choline occurs between -7 and 
- 15°C [30], the hydrophobia region of the lipid 
biiayer will be in the liquid crystalline, or fluid 
state in these liposomes. Dioleoyl phosphatidyl 
choline has a chain melting temperature of - 22°C 
and would therefore also be in the fluid state above 
0°C. Liposomes composed of this lipid plus 
cholesterol were able to bind the toxin at 20, 37 or 
44°C (table 2). 
Kn contrast to the above results with 
phosphatidyl choline containing unsaturated fatty 
acids, table 2 shows that liposomes prepared from 
the synthetic saturated dipalmitoyl (Cl6 ~0) and 
dimyristoyl fCl4 : 0) phosphatidyl cholines plus or 
minus cholesterol, were unable to bind and hence 
neutralise the toxin at any of the test temperatures 
at lipid/toxin ratios of 1: 20 and 1: 50 (w/w). 
The ability of the unsaturated phosphatidyl 
cholines to bind toxin could indicate a specific re- 
quirement for unsaturated hydrocarbon chains for 
toxin-lipid association, or the need for a fluid 
bilayer, or both. The experiments with the 
saturated phosphat~dyl cholines enable us to 
distinguish between these possibiI~ties~ however, as 
follows: The chain melting temperature of 
dimyristoyl phosphatidyl choline is 23°C fl5]. 
Thus at 37°C liposomes composed of this lipid 
plus choIestero1 are in the fluid state, whereas at 
4°C the liposomes would be in the more rigid gel 
state, Table 2 shows, however, that these 
liposomes were unable to bind the toxin at all test 
temperatures including 37°C. By analogy with 
similar experiments on the Streptalysin S toxin 
[15], if bilayer fluidity were the sole factor in the 
hydrophobic region influencing toxin interaction, 
dimyristoyl phosphatidyl choline liposomes would 
be expected to bind the toxin at 37”C, but not at 
3OC. 
Additional evidence that bilayer fluidity per se is 
not sufficient for phosphatidyl choline-toxin in- 
teraction is provided by the experiments with 
dipalmitoyl phosphatidyl choline in table 2. Pure 
preparations of this phospholipid show a gel-fluid 
transition at 42°C [31] and this is likely to be 
broadened by the inclusion of cholesterol in the 
liposomes. Even at incubation temperatures as 
high as 44°C however, the dip~lmitoyl 
phosphatidyl choline liposomes were unable to 
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bind the toxin. 
With respect o interaction of the toxin with the 
hydrophobic portion of the lipid bilayer, the above 
results strongly suggest a specific role for un- 
saturated fatty acids in addition to a need for a 
fluid bilayer. This suggestion is reinforced by the 
experiments with phosphatidyl ethanolamine and 
dioleoyi phosphatidyl choline in table 2. 
Liposomes containing highly unsaturated (primari- 
ly Cl8 : 2, linoleic acid) soybean phosphatidyl 
ethanolamine bound the toxin very effectively at 
20 and 37”C, in contrast to the saturated 
dipalmitoyl phosphatidyl ethanolamine liposomes 
which would also be in the fluid state at 37°C 
because of the additional presence of chofesterol. 
When cholesterol was omitted from the dioleoyl 
phosphatidyl choline liposomes they no longer 
bound the toxin at 37 or 44°C {table 2). As 
previously suggested in [32] and in [33], we inter- 
pret this result to indicate that above 20°C 
dioleoyl phosphatidyl choline dispersions lacking 
cholesterol become increasingly disordered and 
unable to assume the stable bilayer structure re- 
quired for toxin interaction. Addition of 
cholesterol serves to tighten the bilayer and thereby 
broaden the temperature range over which dioleoyl 
phosphatidyl choline can form a stable bilayer 
f34] _ Consequently the sterol containing liposomes 
can bind toxin at temperatures as high as 44°C. 
In addition to demonstrating a requirement for 
unsaturated fatty acids contained within a fluid 
bilayer the experiments in table 1 and 2 reveal a 
third specificity determinant located in the polar 
portion of the phospholipids. Thus, although the 
experiments indicate that net surface charge is not 
a crucial determinant, the results with the different 
phosphol~pids uggest that liposomes containing 
either the Zwitterioni~ phosphoryl choline group 
or phosphatidyl ethanolamine bind the toxin much 
more effectively than liposomes containing the 
anionic phosphatidyl serine. No toxin binding oc- 
curs to liposomes containing either strongly acid 
headgroups (cardiolipin or phosphatidyl inositol) 
or cerebraside. 
The result with cardiolipin (beef heart) 
liposomes is particularly informative since this 
phospholipid contains primarily unsaturated 
(Cl8 : I, G 18 : 2) fatty acids f35] and when combin- 
ed with cholesterol in liposomes is likely to form a 
lamellar fluid bilayer at 20°C. The fact that these 
Volume 154, number 2 FEBS LETTERS 
liposomes possess a hydrophobic phase containing 
the two specificity determinants of unsaturation 
and fluidity and yet are unable to bind the toxin, 
emphasises the key role of the phospholipid polar 
group in bilayer-toxin interaction. 
to investigate the importance of other factors such 
as gut conditions and the chemistry of gut 
epithelial cell surfaces in determining insecticidal 
potency and specificity. 
In summary, these data suggest that 
phosphatidyl choline, sphingomyelin, 
phosphatidyl ethanolamine and to a lesser extent 
phosphatidyl serine are the cellular targets of the 6- 
endotoxin, provided these lipids contain un- 
saturated acyl residues. The in vitro experiments 
also point to a need for an organised fluid bilayer 
for toxin binding. 
All the above experiments were carried out using 
the alkali-solubilized toxin described in [14]. 
However, recent work (to be published elsewhere) 
has shown that the Mr 28000 component of this 
soluble preparation is the polypeptide responsible 
for the cytolytic activity of this S-endotoxin. 
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